Abstract Aquatic invertebrate animals such as Amphipods, Gastropods (pond snails), Ostracods and Daphnia (water flea) were placed in water-filled cylindrical vessels together with water plant (hornwort). The vessels were sealed completely and illuminated with a fluorescent lamp to activate the photosynthesis of the plant for providing oxygen within the vessels. Such ecosystem vessels, specially termed as Autonomous Biological System or ABS units, were exposed to microgravity conditions, and the behavior of the animals and their reproduction capacity were studied. Three space experiments were carried out. The first experiment used a Space shuttle only and it was a 10-day flight. The other two space experiments were carried out in the Space station Mir (Shuttle/Mir mission), and the flight units had been kept in microgravity for 4 months. Daphnia produced their offspring during a 10-day Shuttle flight. In the first Mir experiment, no Daphnia were detected when recovered to the ground. However, they were alive in the second Mir experiment. Daphnia were the most fragile species among the invertebrate animals employed in the present experiments. All the animals, i.e., Amphipods, pond snails, Ostracods and Daphnia had survived for 4 months in space, i.e., they had produced their offspring or repeated their life-cycles under microgravity. For the two Mir experiments, in both the flight and ground control ecosystem units, an inverse relationship was noted between the number of Amphipods and pond snails in each unit. Amphipods at 10 hours after the recovery to the ground frequently exhibited a movement of dropping straight-downward to the bottom of the units. Several Amphipods had their legs bent abnormally, which probably resulted from some physiological alterations during their embryonic development under microgravity. From the analysis of the video tape recorded in space, for Ostracods and Daphnia, a half of their population were looping under microgravity. Such looping animals could be observed still at the end of the 4 month stay in space. No looping behavior was noted for Amphipods and pond snails.
Introduction
In the present space experiments, we placed several aquatic invertebrate animals as components in an ecosystem, and tried to examine their behavior and reproduction under microgravity. Reproduction of a certain animal species might be influenced by other species, especially when both of them serve as components of the same ecosystem. This was one of our interest here.
We also aimed at testing the possibility of such an ecosystem for using it as a life-support system for fish in space. In 1994, a Space-shuttle experiment using Medaka fish was carried out (IML-2/ STS-65). In that experiment, the fish mated and laid eggs under microgravity. Moreover, . It is a fresh water aquatic ecosystem. One ABS unit is a cylindrical Lexan vessel containing about 900 ml water, where green water-plant (hornwort, Ceratophyllum), Amphipods, Gastropods (pond snails), Ostracods, Daphnia (water flea), etc. have been sealed in. Three space experiments were carried out using the ABS units. The first experiment used a Space-shuttle only and it was a 10 day flight. The other two experiments were done in the Russian Space station Mir (Shuttle/Mir missions), and ABS units had been kept in their orbits for 4 months.
The ABS units were illuminated with artificial light (a fluorescent lamp) to activate the photosynthesis of the plant. In the 10 day Space-shuttle mission (May 1996) and in the first Mir experiment (Shuttle/Mir mission, September 1996 to January 1997), the continuous illumination was employed. The light cycle of 16-h light/8-h dark was introduced in the second Mir experiment. The two ABS units were placed in an apparatus called ICM (Isothermal Containment Module), which maintains the water temperature at 22-23 ˚C when lighted, and at 18 ˚C in darkness. All the ABS units, both flight and ground (control) units, were packed and sealed several weeks before the launch.
When the flight ABS units were recovered to the ground, the condition of each ecosystem was examined, and the behavior of animals was video-recorded before the breakdown of the units. The ground-kept (control) units were also treated similarly. After taking off the lid of ABS and sampling a small amount of water for its analysis, animals were collected before separating the whole water into 3 fractions. Some of the invertebrate animals were used for behavior research, keeping them alive, and others were fixed in 70% alcohol for the later examination.
The onboard video images of the ABS units were obtained in the second Mir experiment Yamashita et al., 1998) . Behavior of the animals during a long-term microgravity was analyzed on these scenes recorded by a video camera.
Results

Space-shuttle experiment (STS-77, Endeavor; May 19-29, 1996)
After a 10-day travel in space, the ABS was recovered to the ground. In the flight ABS, the water plant appeared healthy (Fig.1 , Ishikawa et al., 1996) . The animals were also found alive, and at least in some species such as Daphnia and Ostracods, they seemed to have produced their offspring under microgravity. This was speculated from their number and from the existence of small-size animals. Moreover, we observed some Daphnia carrying embryos in their egg sac (Fig.2) . Similar results were obtained for the animals in the ground-kept (control) ABS units. No definite differences were noted between the flight and the ground-kept samples. The ABS units were exposed to a long duration (four months) of microgravity conditions in this Mir experiment (Shuttle/Mir mission). About 10 hours after landing of the Space-shuttle (STS-81), the ICM with the two flight units named as FU9 and FU10 was delivered to the laboratory in the SpaceHab building (Fig.3) . In both ABS units, the water plant (hornwort) had disappeared completely (Fig.4) . The FU9 and FU10 units are also called F9 and F10 in other papers of this issue. In the both flight ABS units, there were many Ostracods. There were no Daphnia detected in either flight unit. In both flight ABS units, pond snails and Amphipods were observed. However, there existed a difference in their numbers between the two flight units. In flight unit FU9, many Amphipods and only a few snails were noted (Fig.  5) , while in the other unit (FU10) there were few Amphipods with several snails or more (Fig.6) . Such an inverse relationship between the number of Amphipods and pond snails was also observed in the ground-kept ABS units. The ground ABS units were kept in the same The flight ABS unit FU10 (left panel) when recovered to the ground after about 4 months in Mir (the first Mir experiment). In this flight unit, there were several snails; however, there were less Amphipods than those observed in FU9 (Fig.5) . Large snails can be seen as a dark dot in both panels. Two large snails and three Amphipods are in the right panel. Fig.7 The ground control unit GC2. Note the healthy water plant together with many Amphipods (some of their enlarged pictures in the right panel). Fig.8 The ground control unit GC8. Note several large pond snails in the unit. Amphipods were far less than in GC2 (Fig.7) .
The first
conditions as the flight units, except for microgravity treatment.
The ground units were designated as GC (or called G in other papers of this issue) with their given number. For example, in one ground unit called GC2, we observed many Amphipods and few snails ( Fig.7) , while in other units such as GC8, there were few Amphipods with many pond snails ( Fig. 8) . Therefore, the phenomenon of such an inverse relationship is not a microgravity effect. The dominance of either Amphipods or pond snails may depend on the ecosystem conditions in each ABS unit. Besides the inverse relationship described above, there was another difference noted between the two flight ABS units. They differed in clarity of water. A possibility was raised that the difference was simply due to the disturbance caused during the landing or some handling procedure after landing. Therefore, after the observation of animal behavior, we gently turned the units upside down to mix the inside and placed them upright again, to see the time-course for the detritus once uniformly distributed to settle. The detritus sedimented in a very short time, and after a few minutes, the transparency of water in each unit returned to the similar level as before, exhibiting the difference in water clarity between the two flight units (Fig.9) . It was concluded that the clarity of water is intrinsic to each unit, and not a result of its disturbance at handling procedure.
Amphipods
Behavior 10 hours after landing: In both flight ABS units, we frequently observed the scenes that Amphipods dropped straight-downward to the bottom of the unit (with their heads downward). Such dropping downward could also be observed in the ground-kept control units. However, such scenes were far more frequent and also the dropping direction of Amphipods was straight downward in flight units (Fig.10) .
Reproduction: Amphipods certainly produced their offspring during their 4 month stay in space. This can be concluded by the wide spectrum in their body size, i.e., their size varied from large ones to very small ones. Moreover, when the ABS units were observed directly by eyes, there were several Amphipods which were carrying eggs inside their body.
Before separating the whole water and detritus into 3 fractions for later analysis of water , each animal was collected gently using a pipette (Fig. 11) . The animals were then fixed in 70% ethanol for the observation under a microscope. In the samples fixed in alcohol, the eggs could be noted clearly in some Amphipods (Fig. 12) .
Legs: Several Amphipods had one or two of their legs bent abnormally (Fig. 13) . The phenomenon, of course, was not due to the landing shocks, i.e., judging from their morphology, the legs bent were not of a landing accident. It seemed that such was brought about by a physiological process. Though it is a mere speculation, some disorders in calcium metabolism may have caused such leg morphology during their development under microgravity. However, for such an individual Amphipod, the number of legs bent was at most two of all the legs it had.
Ostracods
Distribution of shell size: In all the flight and ground ABS units, Ostracods seemed fine. Many of them were collected after opening the units, and fixed in alcohol. They have two shells like a bivalve (Fig.14) , and for each Ostracod, the long axis of their shells was measured under a microscope. The shell-size distributions for the flight samples (those in FU9 and FU10) are given in Fig.15 , and those for the ground samples (GC2 and GC8) are shown in Fig.16 . A lack of short shell-size was observed for FU9, which may indicate that for some reason, in this particular unit, the production of offspring may have stopped at a certain time during the 4 month flight in space. 
Analysis of the video scenes taken in space
In the second Mir experiment, the onboard video images of the behavior of various animals were obtained. While in space, the video camera set in the ICM took scenes of the inside of the ABS units. The video-recording started from September 26, 1997 (when the ICM was still inside the Space-shuttle), and kept taking scenes of the flight units aboard Mir for 4 months. During the period, two videorecording patterns were employed. One was a short duration of 3-5 seconds. The other was a duration of 120 seconds. The two recording patterns were repeated periodically (as given in Fig.18 ). The last scenes under microgravity conditions were recorded on January 29, 1998 (aboard the Space-shuttle). The Shuttle landed on January 31. Immediately after landing, the video camera also took scenes of the flight ABS units (when the ICM was still installed in the Shuttle). A typical video image of the inside of the two flight ABS units was given in Fig.17 . The area it shows covers the 2/3 of each entire ABS unit. The water plant and debris occupied the scenes as expected for weightlessness conditions.
Detailed analysis of the video tape was carried out, especially detecting the animals and their movement in space. Figure 18 summarizes the number of animals detected for Ostracods, Daphnia and Amphipods. Detection of all the animals was difficult on such video images as some of them were behind the plant and the debris. Moreover, some animals were not always moving as we usually observe them on the ground, especially Ostracods and Daphnia behaved quite differently under microgravity.
Ostracods: In Fig.18 , the total number of Ostracods detected on the video scenes immediately after landing (i.e., the data of January 31, at the right-end of Fig.18 ) was 14. Near to this date, the scores of 15 Ostracods and also 10 and 8 Ostracods were counted on some days in January 1998. However, for other days, only a few Ostracods were detected. Such a rapid fluctuation in their number is unlikely, and it implies that the number of Ostracods detected on the video tape were not the true number of the animals existed in the flight units. On the ground, Ostracods, in most cases, keep moving and this helped us in detecting them. Under microgravity, there were only a few individuals moving. This may be one reason which has reduced the score. Some Ostracods stayed still, probably on the water plant or on the debris. However, of the Ostracods moving under microgravity, about 50% were moving in a looping fashion (Fig.18) . Typical looping patterns are shown in Fig.19A .
In January 31 data (i.e., immediately after returned to 1 G), there were no Ostracods looping. When the flight ABS units were transported to the laboratory, we observed many Ostracods moving in each unit (Fig.20) , and their movement was not so different from that we observed in the ground-kept units. These observation suggested our conclusion that Ostracods, in most cases, stayed still on Fig.18 Number of Ostracods, Daphnia and Amphipods detected on the video scenes recorded in space, The second Mir experiment. The abscissa give the date the video was taken. A solid triangle shows that a video-recording of 120 sec duration was carried out on the day, and no symbols indicate a video-recording of 3-5 sec duration. The last recording (i.e., on January 31, 1998, at the right-end) was carried out soon after landing. The rest of the data were the counts while the units were in space. The number of animals were scored separately for each of the left and the right flight units. However, the two scores were pooled and plotted. For Ostracods and Daphnia, looping behavior was frequently observed. Number of looping animals are expressed in an open bar, and that of non-looping animals in a solid bar. Some of their looping patterns are shown in Fig.19 (for Ostracods) and Fig.21 (for Daphnia). Amphipods exhibited no looping. the plant, its debris or the detritus, and did move little under microgravity. When they did move, in most cases, they ended up in looping, and probably came to an anchor soon at water plant or anything they touched. The reason for some high counts of Amphipods at the late period in space is not clear. No differences were noted in the ratio of looping Ostracods between the early and the late period of their stay in space, which may imply that at least in their swimming behavior, the animals exhibited no learning at all.
Many video scenes were taken for the behavior of flight Ostracods after recovery to the ground, and some experiments were also conducted for their response to light and these were also video-recorded. Analyses of these video tapes have still been under way, and some difference, for example, in numerical data of moving velocity or of responses to a direction of light, might be obtained. However, as mentioned above, in a rough statement, the behavior of the flight Ostracods after transferred to the laboratory (i.e., about 10 hours after landing) were not so different from the ground-kept animals.
Daphnia:
In the Shuttle mission (STS-77), Daphnia were alive in both the flight and the ground units. However, in the first Mir experiment, no Daphnia were observed at all in the flight ABS units. For the ground-kept units, in some units they were seen even 4 months after the units were sealed, while in other ground units there were no sign of their existence. Daphnia may be the most fragile species among the invertebrate animals employed in the present experiments, and due to a little change in water quality they would easily be extinct.
In the second Mir experiment, as seen in Fig.18 , several Daphnia were detected on the video scenes. Some Daphnia were constantly looping under microgravity (Fig.21A) . This was totally different from their movement pattern at 1 G, which is a continuous repetition of up-and-down movement within a very short distance (Fig.21B) .
Amphipods, Pond snails and Plant: Amphipods did not loop in a similar circle pattern as Daphnia and Ostracods looped. The movement of Amphipods, in most cases, was similar to that we observe on the ground. Their typical movement in space is shown in Fig.22 . We had an interest in their leg shape, however, the flight animals were few this time, and no abnormality was detected. Pond snails showed no difference in their movement between microgravity and 1 G. They crawled over the inside surface of the ABS units. As seen in Fig.23 , the water plant was healthy after a 4 month stay in the second Mir experiment. The light-cycle of 16-h light/8-h dark, employed in this Mir experiment gave the plant a better environment than Fig.17 ). In the lower-right panel, the total movement traced during 10 sec is shown. From 2.6 sec to 5.0 sec, the Amphipod slowly walked turning its direction, then swam upward.
A B Fig.23 The second Mir experiment. Ground-kept control units (two at left) and flight units (two at right, after 4 months in Mir).
the continuous illumination as employed in the first Mir experiment .
Discussion
All the animals, i.e., Amphipods, pond snails, Ostracods and Daphnia had survived for 4 months in space, i.e., they had produced their offspring or repeated their life-cycles under microgravity. In space, Daphnia and Ostracods exhibited a looping movement frequently. Similar looping behavior was observed for killifish in space (von Baumgarten et al., 1975) and some strains of Medaka fish in a short-duration microgravity (Ijiri, 1998b) .
On the ground (1 G), Daphnia are always moving upand-down (Fig.21B) , and never anchor at the plant. Such a habit of this animal species may have brought about their constant looping under microgravity. On the other hand, Ostracods, between their swimming movements, occasionally stop at and walk on the plant when they are at 1 G. In space, they swam in loops, which was a completely different behavior from that on the ground. However, they also stayed and walked on the plant and the detritus. Although reproduction was found possible for Daphnia under microgravity, the fact that only a few animals survived in the flight ABS units may be explained by such constant looping, together by their general fragility to the change in water quality.
In each of the three space experiments, the ecosystem showed different responses. The light-cycle had a large influence on the water plant and therefore on the whole ecosystem condition including animals. Surprisingly, even in the ABS units where no water plant was detected at the recovery to the ground, many Ostracods and Amphipods survived the first Mir experiment. In the late period of this experiment, oxygen supply to the ecosystem was maintained by algae and probably partly by the debris of the plant. In fact, the numbers of Ostracods and Amphipods were larger in the first Mir experiment than in the second Mir experiment.
Even in the same flight, the conditions of the two flight units were different, which influenced the number of each invertebrate animal species inside the units. This itself might be an interesting subject. From the viewpoint to use an ecosystem as an aquatic habitat (a life-support system) for fish breeding in space, such uncertainty should become a demerit. In designing the aquatic habitat hardware for the Space station, when an ecosystem is employed as a life-support technique, this should be a matter of consideration.
